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As production of ethanol climbs, non-food feedstocks need to be utilized such as
lignocellulosic biomass. The sugars present in bio-oil produced by fast pyrolysis can
potentially be fermented by microbial organisms to produce cellulosic ethanol. This
study shows the potential for microbial digestion of the aqueous fraction of bio-oil in an
enrichment medium to consume glucose and produce ethanol. In addition to glucose,
inhibitors such as furans and phenols are present in the bio-oil. A pure glucose
enrichment medium of 20 g/L was used as a standard to compare with glucose and
aqueous fraction mixtures for digestion. 30% by volume of aqueous fraction in media
was the most that could be consumed and yielded 0.4 g of ethanol per g of glucose.
Inhibitor removal tests by extraction, activated carbon, air stripping, and microbial means
were also mildly successful. Ethanol could potentially be produced for $14 per gallon
using these methods.
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CHAPTER I
INTRODUCTION
As the demand for more renewable energy grows, so does the production of
ethanol. Ethanol-gasoline mixtures are currently being used to extend the world’s supply
of fossil fuels with the hope that one day ethanol or some other renewable fuel can
greatly reduce or even replace dependence upon fossil fuels. When blended with
gasoline, ethanol increases octane and creates more environmental friendly emissions.
Recent studies show that ethanol production produces 34% more energy than the energy
required for growing and harvesting grain and manufacturing (Wang, 2002).
U.S. ethanol consumption in 2010 exceeded 13 billion gallons, compared to 5
billion gallons in 2006. Currently, most of the ethanol produced in the U.S. is made from
corn (Renewable Fuels Association, 2011). However, it can be made from sugar cane,
wheat, switchgrass, miscanthus, sweet potatoes, barley, sunflowers, and other feedstocks.
These feedstocks are utilized for their high glucose and starch properties. Little
processing is needed to use the glucose monomers that these feedstocks possess prior to
the fermentation process. In 2007, 20 percent of the corn supply in the country was
consumed to produce corn ethanol. This has caused concern about how corn ethanol
production could negatively impact the food industry (Ethanol, 2008). However, with
recent advances using lignocellulosic biomass, this problem can potentially be solved.
Cellulose fibers have been found to be capable of being broken down into glucose units
and fermented into ethanol.
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The feasibility of utilizing bio-oil for the production of ethanol has been
investigated for years. For this to be possible, the anhydrosugars must be extracted from
the bio-oil using water. These anhydrosugars are then hydrolyzed into sugar monomers
using dilute sulfuric acid. Finally, these sugars are fermented using ethanol producing
yeast or bacteria strains.
Ethanol
Ethanol is a water-soluble, polar solvent that is very volatile. It burns a blue
flame and does not produce smoke when in pure form. Ethanol has been produced for
thousands of years for human consumption; however, it has not been used as a fuel until
recent years. Currently, it is consumed as a fuel or fuel additive. In the 1970s, ethanol
began to be used in a blend with gasoline as a fuel. Today in the United States, ethanol is
blended at up to 15% by volume. By a government mandate in Brazil, a blend of 25%
ethanol in gasoline by volume is required (Ethanol, 2008).
The demand for ethanol has increased for several reasons. With the crude oil
supply decreasing and demand increasing, gasoline prices are consistently rising.
Ethanol can be used to conserve 15% of gasoline consumption in the United States and
extend the life of oil reserves. Also, ethanol does not contribute to air pollution as does
gasoline and other alternative fuel additives. It burns with oxygen to produce carbon
dioxide, water, and aldehydes without forming particulates. Methyl tertiary butyl ether,
or MTBE, has also been used as a fuel additive to increase gasoline octane rating and
prevent engine knocking. However, due to the ease of MTBE contaminating ground
water, ethanol is replacing it as a primary fuel additive. Ethanol increases the octane
rating while being environmental friendly (MTBE in Fuels, 2011)
2

Ethanol Production
Ethanol can be produced in a variety of methods. When used as an industrial
solvent, the petrochemical feedstock ethylene is hydrated in acidic conditions:
C2H4(g) + H2O(g) → CH3CH2OH(l)

(1)

Phosphoric acid is commonly used as a catalyst for this reaction that is performed
under high steam pressure at 300 °C. However, concentrated sulfuric acid can also be
used to produce ethyl sulfate, which is hydrolyzed into ethanol and sulfuric acid. The
latter technique is rarely applied today (Fougre and Holderich, 2001)
C2H4 + H2SO4 → CH3CH2SO4H
CH3CH2SO4H + H2O → CH3CH2OH + H2SO4

(2)
(3)

The vast majority of ethanol produced in the world is made by fermentation.
Whether it is for human consumption or for fuel, yeasts are primarily used to fulfill this
purpose. These microbes have a capability to convert sugars into ethanol and carbon
dioxide. One glucose molecule breaks down into two ethanol and two carbon dioxide
molecules through a series of processes. In addition to yeasts, some bacteria and algae
can also produce ethanol. Most of these processes only result in ethanol production in the
absence of oxygen.
Recent studies have also shown that synthesis gas, which is composed of carbon
monoxide and hydrogen, can be used to produce ethanol. Synthesis gas is produced from
the combustion of biomass. Clostridium, an anaerobic bacterium, is capable of utilizing
the carbon monoxide and hydrogen to produce ethanol (Maddipati et al., 2011).
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Ethanol Substrates
Currently, almost all of the bioethanol produced in the world is produced by corn
or sugarcane. Wheat and other similar food crops are beginning to be used as well.
These are common because they have free sugars or starches that can easily be broken
down into simple sugars. There is a large debate about the use of energy crops versus
food crops as feedstocks to produce ethanol. The increased demand for corn to produce
ethanol drives corn prices up, which will in turn drive up many food prices dependent on
corn as an input. In 2002, corn prices hovered at around $2 per bushel. Corn prices have
steadily risen since then to reach a market price of $7 per bushel in 2011. There has also
been a debate about the energy balance of the production of corn ethanol. Although there
have been some independent studies claiming that producing ethanol from corn has a
negative energy balance, the U.S. Department of Energy released data showing that 2.3
BTU of ethanol are being produced for every 1 BTU of energy input in a dry grind
ethanol plant (U.S. Department of Energy, 2010 ).
Researchers have turned to cellulosic biomass to develop technology to efficiently
produce ethanol from non-food inputs. Wood, grass, and parts of the plant that are often
wasted such as corn stover contain sugars that can be used to make ethanol. So and
Brown (1999) performed economical analysis on ethanol production and found that
ethanol can be produced from fast pyrolysis bio-oil followed by fermentation at a cost of
$0.13 per gallon. Currently, costly processing to remove chemicals that inhibit microbial
growth and low ethanol yields prevent most of the lignocellulosic feedstocks from being
feasible for ethanol production.

4

Bio-oil Production and Characteristics
Pretreatment Methods
The lignocellulosic feedstocks are the most abundant source of world energy.
However, the rigid lignocellulosic structure makes access to fermentable sugars difficult.
The tightly-packed structure of the cellulose, hemicellulose, and lignin of lignocellulosic
biomass must be broken apart. Pretreatment methods are needed to free the cellulose
from the lignin bonds so the cellulose can be available to be hydrolyzed into glucose.
Physical and chemical methods have been explored to expose cellulose, and in most
cases, both methods are utilized. The most common physical methods are the first steps
of chipping, milling, and drying (U.S. Department of Energy, 2010).
Acid hydrolysis is a common technique that is utilized to free cellulose from
lignin and produce simple sugars from the cellulose. The advantage of this process is that
it is inexpensive and easy to perform. The problem with this procedure is that it
introduces more inhibitory compounds to the mixture such as furfural and hydroxymethyl
furfural, or HMF (Sun and Cheng, 2002).
Ozonolysis is a pretreatment process that utilizes ozone to degrade lignin with
minimal cellulose degradation. This process does not produce additional chemicals that
would inhibit microbial growth. However, it is an expensive process and is not
economically feasible.
The Organosolv process can also be used to break lignin and cellulose bonds. It
involves the application of methanol, ethanol, acetone, glycol, or other organic solvents.
Acids are often used to catalyze this reaction. While this reaction can result in high
yields of cellulose, it becomes problematic to remove the solvent without leaving behind
microbial inhibitors (Sun and Cheng, 2002).
5

Steam explosion is a technique that exposes biomass to water under heat and
pressure followed by a swift reduction in pressure. This decompression causes the
biomass to break apart and explode while simultaneously removing lignin from cellulose.
When followed by enzymatic hydrolysis, this process results in a high efficiency of
glucose conversion (McMillan, 1994).
Ammonia fibre expansion is a new method that exposes the biomass to liquid
ammonia between 100 and psi and a temperature of 70 to 200 °C before quickly releasing
pressure. It breaks apart the cellulose, lignin, and hemicellulose and has been proven to
increase the rate of enzymatic hydrolysis (Yang et al., 2003).
There are also biological methods as well that can separate lignin from the
cellulose. Fungi, most notably white rot fungi, have been documented to degrade lignin
while leaving cellulose. Although this method is not desirable because it is a long
process and is not efficient enough to consume all of the lignin, it requires very low
energy input (Selvam et al., 2011)
Pyrolysis
Pyrolysis is a process that involves thermally decomposing material without the
presence of oxygen. This is usually performed at temperatures of approximately 500 °C.
It is a technique that has been used by industries for years to produce a variety of
products such as coal, methanol, and vinyl chloride. There are a variety of different
feedstocks and conditions that can be used in this process depending upon the desired
product. There are several types of pyrolysis processes, but the primary types are slow,
or conventional pyrolysis, and fast pyrolysis (Czernik and Bridgwater, 2004).
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Conventional pyrolysis of biomass utilizes slow heating rates, lower temperatures,
and long residence times. The temperature is increased by at most 2°C per second until it
reaches a peak temperature of 500-600 °C. As the temperature increases, the gases and
liquids produced from the biomass constantly react with each other and continue until the
residence time of up to 30 minutes is over. This process yields gasses, liquid oil, and
char. Carbonization is a form of slow pyrolysis. However it has a residence time of up to
a few days and an even slower heating rate. This process also only reaches temperatures
of around 400 °C and results in the formation of charcoal (Mohan et al., 2006).
Fast pyrolysis involves the rapid heating of biomass to decompose the biomass.
Usually heating rates in this process are around 200 °C per second to a final temperature
of up to 650 °C. Residence time is much less than in slow pyrolysis and is usually 5
seconds or less. In a variant of fast pyrolysis, flash pyrolysis has a residence time of less
than 1 second. At pyrolysis temperatures between 400 °C and 500 °C, the primary
product of fast pyrolysis is bio-oil as the vapors produced are rapidly cooled and
condensed. Higher temperatures would produce syngas from decomposed pyrolysis
vapors.
Table 1

Conditions and product yields for pyrolysis processes (Mohan et al., 2006)

Process

Temperature (°C)

Heating rate

Residence Time

Products

Conventional

~500

0.1-2°Cs-1

5-30 min

Oil, gas,char

Fast

425-650

200-1000°Cs-1

<5 s

Bio-oil

Very slow

>12 hr

Charcoal

Carbonization 400
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Bio-oil Composition
Bio-oil can be described as a water emulsive suspension composed of fractured
biomass as a product of pyrolysis. It is a dark brown to black liquid that has a charred
odor. It is immiscible in petroleum oils. The quantity of bio-oil produced is a product of
the biomass type, reactor residence time and the rapidity of the bio-oil (Mohan et al.,
2006). The pyrolysis oil is denser than petroleum oil and becomes more viscous as it
ages. Bio-oil has several properties that are problematic for industry. It has a low pH,
which could lead to equipment corrosion. It also has char in suspension that must be
filtered or erosion and blockage could occur. The alkali metals that are present in the
bio-oil could build up when used in combustion applications. Water content in bio-oil is
much higher than in petroleum oils. This greatly lowers the heating value and can cause
phase separation. These problems increase the cost of utilizing bio-oil as a fuel source as
each problem needs specialized equipment to overcome.

8

Table 2

Properties of wood pyrolysis bio-oil compared to petroleum (Czernik and
Bridgwater, 2004)

Property

Bio-oil

Fuel oil

Carbon

54-58

85

Hydrogen

5.5-7

11

Oxygen

35-40

1

Nitrogen

<0.2

0.3

Moisture content, wt%

15-30

0.1

Heating value, MJ/kg

16-19

40

Density

1.2

0.94

Viscosity , cP at 50°C

40-100

180

Elemental Composition, wt%

The oxygen content is the main reason for the property differences between
petroleum oils and bio-oil. As shown in the Table 2, the oxygen content of bio-oil is very
high compared to that of petroleum oil, thus the bio-oil has a significantly lower heating
value compared to petroleum oil. This results in part from the quantity of water present
in the bio-oil. However, relatively large amounts of aldehydes, ketones, carboxylic acids,
sugars, and phenolics are also present. The high oxygen content also leads to the
immiscibility of bio-oil with petroleum oils and also the instability problems. It is why
the aging bio-oil results in an increase in viscosity as the oxygenated compounds react
with one another to attempt to reach equilibrium during storage (Diebold, 2000).
Bio-oil typically contains over one hundred different chemical compounds. It is a
solution composed of water, lignins, aldehydes, carboxylic acids, carbohydrates, phenols,
9

furfurals, alcohols, and ketones. These are the major groups, but there are many
derivatives of each present in bio-oil. Table 3 shows the compounds present in bio-oil.
Table 3

Compounds present in bio-oil (Mohan et al., 2006)

Furfural

Furfuryl alcohol

2-methyl-2-cyclopentenone

2 (5H)-furanone

5-methylfurfural

3-methyl-2-cyclopentanone

Phenol

3-methyl-2,2-cyclopentane

2-methylphenol

3-methylphenol

2-methoxyphenol

2,6-dimethylphenol

2,4-dimethylphenol

3-ethylphenol

Naphthalene

2-methoxy-4-methylphenol

1,2-benzenediol

4-methyl-1,2-benzenediol

4-ethyl-2-methoxyphenol

3-methyl-1,2-benzenediol

2,6-dimethoxyphenol

Eugenol

2-methoxy-4-propyphenol

Vanillin

Cis-isoeugenol

3,4-dimethylbenzoic acid

Trans-isoeugenol

Oleic acid

Anhydrosugars

Acetovanillone

Anhydrosugars and Extraction
The primary compound of interest in this study is an anhydrosugar produced
during pyrolysis, levoglucosan. Levoglucosan (1, 6- anhydro-β-D-glucopyranose) has
the same chemical composition as the monomeric building block of cellulose: C6H10O5
10

(Evans and Milne, 1987). It contains an intermolecular glucosidic bond, which can be
directly or indirectly fermented into biofuels and chemicals (Witczak, 1994).
Levoglucosan is produced from cellulose degradation that occurs between 240−350 °C
during pyrolysis. It can then be extracted, hydrolyzed into glucose, and used for the
fermentation of ethanol.
There are also other anhydrosugars produced from pyrolysis such as cellobiosan,
which can also be converted into glucose. However, it must be hydrolyzed into
levoglucosan and cellobiose first (Helle et al., 2007). In addition to the production of
ethanol, these anhydrosugars can be utilized in oligosaccharide production and
pharmaceuticals.

Figure 1

Chemical structure of levoglucosan (Sigma-Aldrich, 2011)

The anhydrosugars must be extracted from the bio-oil to be used for fermentation.
Due to the hydrophilic nature of levoglucosan, water is the solvent of choice as it is
inexpensive and readily available. However, the downside of using water is that other
hydrophilic compounds are extracted as well.
Water is added in a 1:1 ratio to attain complete phase separation. After settling,
the water soluble aqueous phase comprises the top layer and consists of 71% of the
mixture. It consists primarily of the levoglucosan and other carbohydrate-derived
compounds. The remaining 29% fraction is the pyroligneous fraction in which most of
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the lignin-based compounds remain. However, some of these lignin compounds are
present in the aqueous fraction as well.
Levoglucosan Hydrolysis
Hydrolysis involves the addition of a molecule of water to split another molecule
into two parts. For ethanol production from lignocellulosic materials, hydrolysis is
utilized to break apart cellulose and hemicellulose into their sugar monomers. There are
several different hydrolysis methods available. Enzymatic, concentrated acid, and dilute
acid procedures are the most common. Enzymatic hydrolysis is more costly than acid
hydrolysis. However, acid hydrolysis often results with the introduction of more
inhibitory compounds that can affect the microbial production of ethanol (Sun and
Cheng, 2002).
Dilute acid hydrolysis is the most common approach, and the glucose yield often
exceeds the 100% theoretical yield. This is due to the fact that the cellobiosan that is also
present is hydrolyzed into cellobiose and levoglucosan, and subsequently, glucose.
Therefore the yield is greater than 100% when calculating glucose yields based on of the
initial concentration of levoglucosan.
Fermentation of Bio-oil Hydrolysate
Microbes
Yeasts
Yeasts are unicellular eukaryotic in the kingdom Fungi. They utilize organic
compounds for a source of energy and do not require sunlight. Typically, hexoses are the
yeasts’ primary source of carbon. However, there are some species that utilize pentoses,
12

alcohols, and organic acids. All yeast species can grow in the presence of oxygen.
Yeasts have been used for thousands of years for the purpose of baking bread and
brewing beer. It was not until the late 1700s that the first yeast strains were isolated and
identified. Saccharomyces cerevisiae and S. pastorianus (S. carlsbergenisis) are the
primary yeast species used by the beer and spirit industry to produce ethanol containing
beverages for human consumption.
Currently, S. cerevisiae is used industrially to convert sugar into ethanol from a
variety of sources such as sugar cane, corn, and other grains. Dilute acid is first added to
the milled feedstock to break down the complex sugars into monomers that can be
utilized by the yeast. Some Saccharomyces species have been genetically engineered to
utilize pentoses such as xylose (Lin and Tanaka, 2006). S. Pastorianus was chosen for
this research as it has not been as widely researched for ethanol production from bio-oil
as its relative S. cerevisiae.
Bacteria
There are also some bacteria that have been used to produce ethanol. Zymomonas
mobilis is capable of degrading glucose to pyruvate which is then fermented into ethanol.
When in an ideal medium, the ethanol yield resulting from this bacterium is near the
theoretical ethanol yields. It has some advantages over yeast species in that it has a
higher glucose uptake resulting in increased ethanol production. It also has a higher
tolerance for ethanol than Saccharomyces species. However, it cannot utilize the wider
range of substrates as yeasts, and it is also more susceptible to inhibition by other
compounds produced in pyrolysis (Gutierrez-Padilla and Karim, 2005). Genetically
engineered Escherichia coli has also produced ethanol from lignocellulosic biomass.
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However, it has a narrow pH growth range and is less robust than Saccharomyces
species.
Glucose Utilization Prior to Fermentation
Glucose can be consumed by both aerobic and anaerobic pathways, both of which
are involved in ethanol fermentation by microbial organisms. Glycolysis is the first
process in both conditions. Here, one glucose molecule is broken into two molecules of
pyruvate. Following this step, the final products are dependent upon whether oxygen is
present in the environment. If aerobic, the tricarboxylic acid cycle (TCA) proceeds to
produce adenosine triphoshate (ATP) and biosynthesis through oxidative
phosphorylation. If an anaerobic environment is present, the pyruvate produced from
glycolysis undergoes a series of fermentative reactions to produce ethanol.
Glycolysis
Glycolysis is the first reaction of cellular metabolism utilized by yeast to produce
ethanol. It is a series of ten steps that result in the final pyruvate product. It begins by a
hexokinase enzyme that transfers a phosphate group from ATP to glucose resulting in
glucose 6-phosphate. Another enzyme then rearranges the glucose 6-phosphate into
another isomeric form of fructose 6-phosphate. Phosphofructokinase then transfers
another phosphate group onto fructose 6-phosphate to form 1, 6-diphosphate. Aldolase
then divides the 1, 6-diphosphate into dihydroxyacetone phosphate and glyceraldehyde 3phosphate. Next, triosephosphate isomerase interconverts dihydroxyacetone phosphate
and glyceraldehydes 3-phosphate (Solomon et al., 2005).
The final steps of glycolysis result in the next gain of ATP and NADH. This
portion of glycolysis begins with triosphosphate dehydrogenase transferring a hydrogen
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atom from glyceraldehydes phosphate onto NAD+ to make NADH. This is followed by
phosphorylation of the oxidized glyceraldehydes phosphate to produce 1, 3bisphosphoglycerate for each glyceraldehyde produced. The enzyme phosphoglycerate
kinase then transfers a phosphate group to ADP from 1,3-bisphosphoglycerate to form
ATP and 3-phosphoglycerate. Phosphoglyceromutase moves the phosphate from the
third to the second carbon forming 2-phosphoglycerate. Enolase then strips 2phosphoglycerate of water resulting in phosphoenolpyruvate. In the final stage, pyruvate
kinase transfers a phosphate to ADP from the phosphoenolpyruvate to yield ATP and
pyruvate.
The net yield of this overall process is a production of 2 molecules of ATP, 2
molecules of pyruvate, 2 molecules of NADH, and 2 molecules of water. The pyruvate is
the compound of interest for the subsequent processes. Its next use depends upon
whether or not it is being utilized in an aerobic or anaerobic environment (Solomon et al.,
2005). An overall process of glycolysis is shown in Figure 2.
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Figure 2

Schematic of the glycolysis process (Schohn, 1999)
Tricarboxylic Acid Cycle

When aerobic conditions are present, the tricarboxylic acid cycle followed by
oxidative phosphorylation is the primary pathway in which pyruvate is utilized. The
tricarboxylic acid cycle is also known as the citric acid cycle or Krebs cycle. In this
process, pyruvate is first converted into acetyl-CoA. Acetyl-CoA then loses its acetyl
group to oxaloacetate to produce citrate. Citrate then undergoes several transformations
and loses two carboxyl groups that are released as carbon dioxide. During these
16

transformations, ATP, NADH, and carbon dioxide are produced during one cycle. After
two cycles, the two pyruvate molecules yield 2 ATP, 6 NADH, and 4 CO2 molecules
(Solomon et al, 2005). A summary of the process is shown below in Figure 3.

Figure 3

Schematic of the TCA cycle (Munir et al., 2001)

Fermentation
This is the process whereby microbial organisms obtain energy from oxidizing
organic compounds using an electron acceptor. As mentioned earlier, there are several
microbial organisms that can produce ethanol from carbohydrates. During fermentation,
glucose is broken down to form the waste products of ethanol and carbon dioxide. Two
molecules of ethanol and two molecules of carbon dioxide are formed from each
molecule of glucose (Solomon et al., 2005). This process is dependent upon the presence
or lack of oxygen.
In an anaerobic environment, glycolysis first breaks the glucsose molecule into
two pyruvate molecules. Next, each pyruvate is converted into acetaldehyde by pyruvate
decarboxylase. Finally, NADH is used as a cofactor with alcohol dehydrogenase to
reduce the acetaldehyde into ethanol. The electron transport chain is not used in this
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process. Thus only a small amount of energy is produced from this reaction. This
process is shown below in Figure 4.

Figure 4

Schematic of anaerobic ethanol production (Paustian, 2000)

In an aerobic environment, respiration is primarily used over fermentation. After
glycolysis, oxidative phosphorylation occurs to produce ATP from glucose. Sixteen ATP
molecules are produced from one glucose molecule compared to only two ATP produced
in fermentation. Although ethanol can be produced aerobically, it is not as favorable as
the production ATP.
There are several factors that can affect ethanol production from fermentation.
Residence time, mixing, temperature, and pH all play a role in the fermentation process.
Yeast species have an optimal temperature ranging from 28-40 °C. Below this range,
most yeasts grow at a significantly lower rate. Above this optimal growth range, zero
growth occurs. However, some species can thrive at temperatures lower than others. S.
pastorianus, the species used in this study, can grow at temperatures as low as 5°C and as
high as 34°C. Most yeast species can also tolerate a wide pH range. They can actively
grow in a pH range from 2 to 8. However, the optimal range is neutral to slightly acidic.
This range can change depending on the particular acid that is dissociating in the
fermentation medium. The other inhibitory compounds are discussed in the next section
(Deak, 2006).

18

Inhibitors of Fermentation
As a result of the pretreatment processes of bio-oil, inhibitors are introduced into
the mixture. When water is added to the bio-oil, water soluble chemicals such as
levoglucosan are extracted into the aqueous fraction. However, other chemicals are
extracted into the aqueous fraction as well, and many of these can be inhibitory to
fermentation. Several carboxylic acids, phenols, and furan compounds are present in the
aqueous fraction that can inhibit cell growth and ethanol production. Some of these
compounds are liposoluble as well and can penetrate the plasma membrane of the
microbes. Once inside the cell, the acids dissociate, causing the internal pH of the
microbe to decrease. The result is a decreased cell growth rate and lowered ethanol
production. Lian et al. (2010) found that the carboxylic acids such as acetic acid and
propanoic acid and phenols such as eugenol, vanillin, syringaldehyde, and pyrocatechol
were strongly inhibitory compounds. They are capable of inhibiting fermentation even at
low concentrations. Furan derivatives and alkanes such as tetradecane and pentadecane
were found to be mildly inhibitory.
These compounds also have a combined effect that results in yeast inhibition
more than any one compound does alone. It has been reported that hydrolysate derived
from wheat straw results in cell growth reduction of 83% (g biomass/L medium)
compared to a synthetic medium. However, when each chemical was tested alone, the
biomass production was reduced by 60% for medium with acetic acid, 13% for medium
with furfural, and 45% for medium with phenolics compounds. This clearly shows that,
when combined, these compounds are far more potent fermentation inhibitors than when
present alone. It also shows a need for efficient inhibitor removal techniques (Lian et al.,
2010).
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Inhibitor Removal from Aqueous Fraction
The primary problem with the fermentation of lignocellulosic hydrolysate is the
presence of inhibitors that slow or stop microbial growth. These inhibitors must be
removed or inactivated in order to detoxify the sugar containing aqueous fraction enough
to be fermented. Complicating this issue is the fact that there are over one hundred
different compounds present in the lignocellulosic hydrolysate, and many of them have
the capability to slow microbial growth to prevent ethanol production. Also, as
discussed, when these compounds are present together, they have a greater inhibitory
effect than when present alone. Therefore, this research also sought to remove as many
inhibitory compounds as possible while maintaining a high glucose concentration.
Microorganisms can also be developed to resist the effects of inhibitory compounds such
as phenols, carboxylic acids, and furans. Genetically engineered yeasts or bacteria can be
used for this purpose. Also, adaptive evolution is a technique utilized to increase
resistance to the presence of inhibitors.
Activated Carbon
Activated carbon is a form of carbon that is usually derived from charcoal. It is a
very porous material, thus it has a large surface area in which a vast array of chemical can
adhere to it. It is commonly used to remove toxic materials from gasses and liquids.
Although it is capable of removing phenolic compounds, it can also remove the sugars
present in the hydrolysate. Researchers are trying to find a method to utilize activated
carbon to remove inhibitory compounds while removing as little sugar as possible. There
are several factors that can affect the efficiency of the adsorption to the activated carbon.
Temperature, residence time, and amount of activated carbon all can affect how well the
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inhibitors can be removed. Lian et al. claim to have used activated carbon to detoxify the
hydrolysate while maintaining a glucose concentration of 70 g/L (w/v) of glucose.
Air Stripping
Air stripping is a technique used to convert volatile liquids into gasses. It is often
used in the cleanup of wastewater containing volatile compounds. Volatile compounds
are characterized by a low aqueous solubility and a high vapor pressure. Volatile
compounds have a high Henry’s constant. Compounds with high Henry’s constants are
more capable of being removed by air stripping methods. An increase in temperature
results in an increase in the Henry’s law coefficient. Thus, utilizing air stripping for
volatile compound removal becomes more efficient at higher temperatures. Residence
time and pH can also affect inhibitor removal using air stripping. At a lower pH, volatile
acids can be removed, while at a higher pH, ammonium can be removed. However,
when longer residence times and higher temperatures are utilized, evaporation of water
becomes a problem with this method (Helle, 2007).
Overliming
Overliming is a process that can reduce the presence of phenol and furan
derivatives by utilizing pH. The hydrolysate pH is adjusted from around a pH of 3 to
about 10 to 11. This results in a solid precipitate that can be removed by filtration. This
precipitate contains a mixture of furan and phenol containing compounds. The pH can
then be adjusted back down to approximately 5. This can result in increased phenol and
furan precipitation and removal. However, this technique can also result in a loss of
fermentable sugars as well. As with the above methods, residence time and temperature
can affect the efficiency of overliming techniques. An increase in temperature can
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increase the removal of phenols and furans; however, it also increases the amount of
acetic and formic acid produced during the reaction (Yu and Zhang, 2002) .
Solvent Extraction
This technique is used to target specific chemicals to remove from a solution
based on the solubility of the chemicals. Two phases result due to the immiscibility of
the different solutions. Usually the two phases consist of water and an organic solvent.
Non-polar and polar solvents can be utilized to remove various chemicals present in the
lignocellulosic hydrolysate. In some cases multiple solvents are used to increase
efficiency or to extract multiple compounds. One problem associated with using this
technique is that it can introduce more inhibitory compounds to the mixture. Also, the
solvent must be removed prior to extraction.
Microbial Removal
Another potential removal technique is to use microbes that can digest inhibitory
compounds without consuming the glucose. This method is desirable as it would not
introduce more compounds to the system that would inhibit fermentation. The problem
with this method is that there are very few known microbes that can digest phenols
without consuming glucose. However, a bacterium known as Cupriavidus basilensis has
recently been found to consume dichlorophenol, benzene, phenol, toluene, furfural, and
hydroxymethylfurfural (HMF) without consuming glucose.. This has the potential to
remove some of the more potent inhibitors while maintaining glucose. Furthermore, this
bacteria has proven to convert furan derivatives, namely HMF, into 2,5-furandicarboxylic
acid (Wierckx et al., 2010).
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Figure 5

2,5-Furandicarobxylic Acid ("2,5-furandicarboxylic acid," 2010)

This compound is now considered one of the priority chemicals for green energy
of the future by the U.S. Department of Energy. It is a renewable chemical that can take
the place of terephthalic acid for the production of aromatic polymers and polyesters.
Thus, advances in this research could yield a dual purpose result in producing a
renewable polymer building block and detoxifying the lignocellulosic hydrolysate for
ethanol fermentation (Bozell and Petersen, 2010).
Adaptive Evolution
Adaptive evolution results from mutations that can occur in an organism as a
result of exposure to environmental challenges. In this case, the ethanol producing
microorganisms could adapt to develop a resistance to the inhibitors present in the
aqueous fraction of bio-oil. This could eliminate the need for a detoxification step if the
microbes could adapt to be grown and produce ethanol in the presence of inhibitory
compounds. Temperature, pH, low substrate concentrations, and inhibitors can all cause
microbial evolution. There are several mutation models that can be used to portray the
adaptation process. The first is the cryptic growth model. Here, the environmental
conditions do not cause the mutations. However, the mutations occur randomly, and
most of the mutated organisms are the ones that survive. Next is the directed mutation
model. In this model, genetic mutations are targeted to directly alleviate the
environmental stress. Finally, the hypermutation model hypothesizes that there are many
mutations along the genome. Although many of the mutations do not relieve
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environmental stresses, some of them are helpful, and those that have helpful genes
survive. These theories can be used to model microbial growth as several generations of
colonies can be grown in stressful conditions to create a mutant that is resistant to the
presence of phenol and furan derivatives (Ferea et al., 1999).
Research Objectives
The objective of this study is to investigate the feasibility of utilizing the aqueous
fraction of bio-oil as a substrate for ethanol fermentation. There are two main goals in
this research. The first goal was to develop a fermentation medium that could
successfully be utilized by microbial organisms to produce ethanol. The second goal is to
analyze inhibitor removal techniques that could result in improved fermentation of the
bio-oil hydrolysate. These techniques are activated carbon adsorption, air stripping,
overliming, solvent extraction, and microbial digestion. Adaptive evolution of microbial
organism is also investigated for the ability to show resistance to inhibitory compounds
present in the bio-oil.
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CHAPTER II
METHODS AND MATERIALS
Pretreatments
The production of bio-oil and separation of the aqueous fraction are conducted by
the Department of Forest Products at Mississippi State University. The aqueous fraction
was then utilized for fermentation and detoxification in this study.
Loblolly pine particles with 10% moisture content were pretreated in acid solution
diluents with the sample to solution weight ratio being 1:10. Mild acid pretreatment is
utilized to remove metals that can inhibit sugar formation during pyrolysis. The pine
particles were then filtered and washed with distilled water until the pH reached 7. The
feedstock was left to dry overnight at 75 °C in an oven to reach 10% moisture content.
To produce the bio-oil, the pretreated particles were pyrolyzed in an auger-fed prolysis
reactor, and the bio-oil collected. This process resulted in a 65% bio-oil yield on a dry
weight basis from pine. Eight gallons per hour were produced in the Mississippi State
University auger reactor.
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Figure 6

Water Fractionation of Bio-oil Results (Yu, 2010)

One part water was then added to one part of raw bio-oil to fractionate the bio-oil
into a pyroligneous fraction (29%) and an aqueous fraction (71%). This mixture was
allowed to settle for 48 hours to allow complete phase separation. The aqueous fraction
that is rich in anhydrosugars were removed and filtered using Millex syringe filters
(Sigma Aldrich, pore size 0.2 µm, 13 mm diameter) to remove some inhibitors. The
aqueous fraction was then hydrolyzed with H2SO4 at 121 oC for 20 min in an autoclave
(Thermo Scientific Sterilemax to convert levoglucosan into fermentable glucose.
Fermentation of Bio-oil Hydrolysate
Fermentation of the sugars present in the aqueous fraction of bio-oil is the
primary focus and challenge in this experiment. S. pastorianus was tested for the ability
to utilize the sugars to produce ethanol under optimal cell growth conditions by
controlling pH, temperature, residence time, mixing speed, and nutrient concentration.
Some of these conditions alter the effects of other conditions, thus making it difficult to
create a true optimum environment for the microbes to grow.
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Yeast Preparation
The yeast species S. pastorianus (ATCC 2345) was purchased from ATCC as
freeze-dried samples. S. pastorianus was transferred to an YPD agar medium containing
2% (w/v) glucose, 2% (w/v) peptone, and 1% (w/v) yeast extract. This is a complete
medium that has near ideal nutrition for yeast growth. Glucose was used as the primary
carbon source that the microbes use for energy. The yeast extract and peptone provide
phosphorus and nitrogen sources needed for cell growth. These agar plates grew the
colonies which can be transferred to samples for fermentation. When the colonies form
after incubation of two or three days, the plates were stored in a refrigerator at 5°C.
When preparing yeast for fermentation, YPD broth medium was prepared and
sterilized by autoclaving for 15 minutes at 121 °C. One colony was removed from the
plate and aseptically placed in the broth medium. This inoculated medium was then
placed on a rotary shaker (Innova 2100 Platinum Shaker) set at 150 rpm in an incubator
at 30 °C. This stock solution was left to grow for 24 hours. To prevent contamination,
all transfers were conducted in an aseptic environment, and sterile water was used.
Fermentation of the Aqueous Fraction
Sample media containing the bio-oil hydrolysate was fermented in 250 ml
Erlenmeyer flasks for 48-72 hours. The flasks were plugged with cotton stoppers and foil
was wrapped tightly for the duration of most of the experiments to yield an aerobic
environment. All tests began by adding 10% of the sample volume from the flocculating
stock solution aseptically and placed on a rotary shaker at 150 rpm in an incubator at 30
°C. Samples are usually taken every 12 hours but sometimes vary depending on the test.
These aerobic tests analyzed the ability to consume the aqueous fraction. When a
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successful test was found to consume the aqueous fraction, a replicate test was performed
in a sealed vial to attempt to produce ethanol in a semi-anaerobic environment.
Each experiment consisted of at least a control sample containing a broth YPD
medium and media containing bio-oil hydrolysate between 1% (v/v) to 100% (v/v). The
standard total glucose concentration in the control and in the sample medium was 2%
(w/v).

Figure 7

Samples Fermenting on the Shaker

Different experiments were conducted to test for the ability for the yeast to
consume the glucose in the bio-oil hydrolysate. The first was to test for the highest
concentration of hydrolysate that could be successfully consumed with autoclaved media.
Next, the same test was conducted except membrane-filtered media was used. In all
experiments, the pH of the media was adjusted to 6.5 prior to microbial inoculation.
Procedures for Inhibitor Removal from the Bio-oil Hydrolysate
It cannot be stressed enough the importance for removing or developing a
tolerance to the inhibitory compounds present in the lignocellulosic hydrolysate.
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Detoxification of the aqueous fraction can lead to increased glucose consumption and
higher ethanol production by the microbes. Inhibitors targeted in this research were
acetic acid, furfural, and phenol derivatives by use of air stripping, activated carbon,
extraction, overliming, microbial digestion, and adaptive evolution. The success of these
tests was based on the concentration reduction of the compounds after detoxification
using gas chromatography and the maintenance of glucose after the treatment.
Activated Carbon
Two procedures for detoxification of lignocellulosic hydrolysate were applied in
this experiment. In the first, activated carbon (Sigma-Aldric, Darco 12-20 mesh,
granular) was packed into a column in which the aqueous fraction was poured. The
resulting liquid was collected in a beaker and filtered for analysis and subsequent
fermentation.
In the second procedure, 1% (w/v) of activated carbon was added to 100 ml of the
lignocellulosic hydrolysate. The activated carbon was ground with mortar and pestle to
attain a larger surface area. The mixture was stirred for 30 minutes to allow adsorption to
take place. After 30 minutes the mixture was allowed to settle for another 30 minutes
before the remaining aqueous fraction was decanted and filtered.
Air Stripping
Air stripping methods were utilized to attempt to remove volatile compounds such
as acetic and formic acids from the aqueous fraction. Typically, in air stripping, packing
materials and a stripping tower are utilized. However in the setup of this test, air was
forced through a nozzle into flasks containing the aqueous fraction. Two air stripping
tests were conducted as one test was conducted at 25 °C and the other conducted at 60
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°C. Packing materials and stripper tower effects were not studied as the air was forced
through the aqueous fraction in a beaker.
Overliming
In overliming techniques, the pH of the aqueous fraction is adjusted to result in
inhibitor precipitation. In this experiment, NaOH was added to the lignocellulosic
hydrolysate to reach a pH of 11. It was allowed to stir using a magnetic stirrer for 30
minutes at 60 °C before the pH was lowered to a pH of 3 by adding phosphoric acid and
then stirred for another 30 minutes. The resulting hydrolysate was then filtered (Reeve
Angel filter paper, grade 201, size 12.5) using vacuum filtration. In a second test, the
same procedure was followed except the hydrolysate was allowed to sit overnight at a pH
of 10 before phosphoric acid was added to the mixture.
Solvent Extraction
Two different solvents were chosen to attempt to extract inhibitory compounds
from the bio-oil hydrolysate. Non-polar hexane and polar linoleic acid were tested.
Equal portions of bio-oil hydrolysate and the solvent were added into a separatory funnel
and shaken for one hour. The two phases were allowed to separate and each was
decanted and collected for analysis.
Microbial Digestion
Digestion of phenolic and furan containing compounds is a desirable method,
because it typically would not result in new inhibitors being introduced into the aqueous
fraction. The bacteria C. basilensis has been known to consume furan and phenolic
compounds without consuming glucose (Wierckx et al., 2010). This bacterium (ATCC
BAA-699) was aseptically inoculated onto tryptic soy agar that contained 1.7% tryptone,
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0.3% soytone, 0.5% sodium chloride, and 0.25% dipotassium phosphate. The inoculated
plates were incubated for two days until colonies were visible on the plates. One colony
was then aseptically added. A broth containing equal portions of the aqueous fraction
and sterile water along with 1% yeast extract (w/v) and 2% peptone (w/v) was made in
250 ml flasks and the pH was adjusted to 6.5 before being autoclaved for 15 minutes at
121 °C. One colony of C. basilensis was added to the 100 ml broth, and the flask was
placed on a rotary shaker at 150 rpm at 30 °C and allowed to grow for 3 days. After 3
days, the broth was analyzed for inhibitor consumption and glucose consumption.
Adaptive Evolution
Although this technique is not considered a detoxification method, it could be
used to build resistance to inhibitory compounds. YPD agar media containing 10%, 20%
and 30% (v/v) of the bio-oil hydrolysate were autoclaved and inoculated with
Saccharomyces pastorianus. Colonies that grew were then transferred to plates to test for
resistance. This was repeated ten times. The results were based on the presence or lack
of cell growth and the size and color of yeast colonies.
Analytical Methods
Yeast Concentration Analysis
Samples of the fermentation medium were collected at specified times to
determine the concentration of yeast present by using dry mass analysis. This was done
by collecting 1 ml samples at predetermined times. Each sample was then centrifuged at
10000 rpm for 15 minutes in a centrifuge (Eppendorf Centrifuge 5424). The cell pellet
will form at the bottom of the cell and the remaining liquid could be removed. The vial
31

was then placed in an oven until fully dried and the dry mass of the yeast cells was
weighed.
Glucose Consumption Analysis Using High Performance Liquid chromatography
The concentration of glucose present in the media shows the effectiveness of the
microbes’ consumption of the lignocellulosic hydrolysate. Samples of the inoculated
media were collected at set times and stored in a refrigerator until HPLC analysis could
be performed. The HPLC system is equipped with a refractive index detector and a
Biorad Aminex HPX-87P column to measure carbohydrates. Glucose standards were
used to calibrate the system for glucose analysis. See Table 4 below for HPLC
conditions.
Table 4

HPLC conditions applied to measure glucose content

Injection volume

10 µL

Mobile phase

HPLC water, 0.2µm filtered and degassed

Flow rate

0.6 mL/minute

Column temperature

80°C

Detector temperature

As close to column temperature as possible

Detector

Refractive index

Run time

35 minutes

This method is utilized to quantify the concentration of polysaccharides present in
the medium. The system must be prepared properly prior to each run. This includes time
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to prime the pumps, correct heating temperature checks, and leak checks before the
system is ready for use.
Ethanol Concentration Analysis
Ethanol was analyzed for successful glucose consumption tests. The samples of
50% of aqueous fraction glucose were analyzed and compared with control samples using
gas chromatography-mass spectrometry (GC-MS) to quantify the ethanol produced. The
specific device was a Shimadzu GC-MS using an Agilent HP-5MS 5% phenyl methyl
siloxane column (30m x 250 μm x 0.25 μm). The temperature profile involved holding a
temperature of 40 oC for five minutes, followed by a temperature ramp of 10 oC for 14
minutes and then an 11 minute temperature hold for a total of 40 minutes to identify
hydrocarbon types created by the system. Data was collected every 2 seconds for the
temperatures, flow-rate, pressure, exit gas volume, and whether or not the relays were
switched on or off throughout the test and was compiled into an excel file every hour
throughout the testing period. The calibration curve can be found in Appendix A.
Unknowns were calculated based on a linear relationship of know standards to area.
Inhibitory compound Analysis Using Gas Chromatography
Gas chromatography was applied in this research for analysis of the presence of
inhibitory compounds present in the bio-oil aqueous fraction. A Hewlett-Packard HP
5890-Series II gas chromatograph equipped with a Hewlett Packard HP 5971 series mass
detector was utilized for this quantification. The injector and the interface temperature
were 225 oC and 270 oC, respectively. A DB-5MS capillary column of 30 m×0.32 mm
ID×1 μm film thickness coated with 5% phenyl-methylpolysiloxane was used. The mass
spectrometer was operated at a 70 eV electron impact ionization mode. A representative
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sample (0.2 g) of each bio-oil was weighed to the nearest 0.1 mg and diluted to 10 mL
with methanol. One mL of this solution was transferred to an autosampler vial and spiked
with 10 μL of a 4,000 μg/mL (ppm) internal standard just prior to analysis. A dilute
sample of 1 μL was injected into the DB-5MS capillary column. The ratio of mass to
charge (m/z) values, which represents the fragment ions of the compounds, will be
recorded for each compound.
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CHAPTER III
RESULTS AND ANALYSIS
Microbial Utilization of Bio-oil Hydrolysate
Fermentation of Inhibitor Removed Aqueous Fraction
Aqueous fraction that had been filtered through a column packed with activated
carbon was acquired from the Department of Forest Products at Mississippi State
University. This procedure resulted in a glucose concentration decrease from 35 g/L to 2
g/L. Eighty eight mL of this filtered aqueous fraction was available, thus the 0.176 grams
of aqueous fraction glucose were available for microbial utilization. 1.82 grams of pure
glucose was added to the aqueous fraction to yield to 2% (w/v) concentration of glucose
in the medium. S. pastorianus was used for this experiment. Only 9% of the glucose in
the aqueous fraction contributed to the overall glucose concentration. However, with the
inhibitors removed, the glucose was able to be fully consumed at the same rate as the
control sample with 100% pure glucose. The results are shown in Figure 8.
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Figure 8

Glucose consumption of the activated carbon filtered aqueous fraction

Although this method was successful, there was not enough glucose present in the
aqueous fraction to be a feasible method for producing ethanol from bio-oil. Too much
pure glucose must be added to the medium to reach the 2% (w/v) concentration necessary
to be an efficient fermentation method.
Yeast Utilization of 50% Aqueous Fraction Glucose Medium
Two different hydrolyzed aqueous fractions of bio-oil were used in this test. The
first contains 15.94 g/L of glucose and the second contains 29.15 g/L of glucose. To
provide 1% (w/v) of aqueous fraction in Sample A, 62.73 mL of the aqueous fraction was
added to the medium. Then 1% (w/v) of pure glucose was added to complete the
medium. To provide 1% (w/v) of aqueous fraction in Sample B, 34.3 mL of the aqueous
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fraction was added to the medium. Then 1% (w/v) of pure glucose was added to
complete the medium to reach 2% (w/v) of total glucose. S. pastorianus was added to
these media for glucose consumption.

Figure 9

Glucose consumption curves of media containing 50% hydrolysate glucose

All of the glucose in both media was successfully consumed by the yeast.
However, it must be noted that the initial glucose concentration was less than 20 g/L in
each of the two samples. This was due to some of the glucose converting into other
molecules as a result of the heating and pressure from autoclaving. The glucose
consumption HPLC results of the sample with 29.15 g/L aqueous fraction can be seen in
Appendix A.
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Yeast Utilization of 75% and 100% Aqueous Fraction Medium
Aqueous fraction that contained 35 g/L glucose was obtained, and tests were then
conducted in which enough of the aqueous fraction was added to the medium to
compromise 1.5% (w/v) of the glucose while pure glucose was added to make up 0.5%
(w/v) of the glucose content. In other words, 43 mL of the aqueous fraction was utilized
to supply 1.5 grams of glucose for the 75% sample before 0.5 grams of glucose were
added. Then, 57 mL of the aqueous fraction provided all of the glucose for the 100%
samples. This test also compared the effects of autoclaved versus membrane-filtered
media. See Figures 10 and 11 below for results. 50% aqueous fraction glucose media are
also added to these results for comparison.

Figure 10

Glucose consumption curve membrane filtered media
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Figure 11

Glucose consumption curve of autoclaved media

These graphs show a few differences between the different concentrations of
aqueous fraction present in the medium as well as autoclaved and membrane-filtered
media. Both graphs show that the glucose consumption drastically decreased as the
concentration of the aqueous fraction exceeded 30 % (v/v) (50% of total glucose present)
in the medium. This was due to the increasing presence of inhibitory compounds that
halted yeast cell growth as more of the hydrolyzed aqueous fraction of bio-oil was added
to the medium.
It can also be noted that the 50% autoclaved medium was fully consumed by the
yeast, while the 50% sample of membrane-filtered media results in a yeast consumption
of only 8 of 20 grams. This possibly could be due to the fact that the heat and pressure of
the autoclave caused the inactivation or transformation of some of the inhibitory
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compounds that would result in the yeast being able to consume all glucose present in 30
mL of aqueous fraction. However, it must also be noted that the autoclaved samples lose
up to 6 grams of glucose as a result of glucose transformation during the sterilization
process.
In another test, the aqueous fraction alone was autoclaved three times. Each time,
there was a charred film at the bottom of the flask and some suspended in solution.
Therefore it was filtered before each subsequent autoclave. The glucose concentration
rose to 42 g/L after the three rounds. This is likely do to some water evaporation from
the mixture. The above test was repeated and the results are shown below in Figure 12.

Figure 12

Glucose consumption curves for aqueous fraction that has been sterilized
and filtered three times
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While the 75% and 100% aqueous fraction derived glucose samples were not
consumed, the 50% sample was consumed. Although it was not fully consumed, there
was far less initial glucose loss as a result of sterilization. There was 83% or 16 grams of
glucose in this sample were consumed. The ethanol content was then measured by
GC/MS, and cell growth was measured by weight. This graph and a control graph are
shown below.

Figure 13

50% hydrolyzed glucose consumption analysis including ethanol produced
and cell mass.
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Figure 14

Control sample of glucose consumption, ethanol production, and cell mass.

The results shown in Figures 13 and 14 clearly show that ethanol can be produced
by utilization of the sugar rich aqueous fraction of bio-oil comparable to using a pure
glucose medium. For the control sample, 18.5 grams of glucose is consumed to produce
6.77 grams of ethanol (0.37 g ethanol/g glucose). This was 71% of the theoretical yield.
The sample containing the bio-oil hydrolysate was consumed by the yeast to produce
6.51 g of ethanol from 16.12 grams of glucose yielding nearly 80% of the theoretical
yield (0.4 g ethanol/g glucose). However, all of the glucose in the hydrolysate sample
was not consumed as 3 g/L remained. The glucose consumption results from HPLC
analysis and GC/MS ethanol analysis are given in Appendices A and B, respectively
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Inhibitor Removal from Bio-oil Hydrolysate
Tests for Inhibition
Tests were conducted to determine the exact concentration of bio-oil hydrolysate
that was necessary to inhibit the yeast from growing in the medium. The YPD medium
was autoclaved separately to ensure that the chemical composition would not change for
the most accurate results. Pure glucose YPD medium, 1% (v/v) aqueous fraction in YPD
medium, 5% (v/v) aqueous fraction in YPD medium, 10% (v/v) aqueous fraction in YPD
medium, 20% (v/v) aqueous fraction in YPD medium, and 30% (v/v) aqueous fraction
were all tested for glucose consumption after 24 hours. The results are shown in Table 5.
Table 5

Effect of bio-oil hydrolysate on glucose consumption

Medium
0% hydrolysate
1% hydrolysate
5% hydrolysate
10% hydrolysate
20% hydrolysate
30% hydrolysate

Glucose consumed (g)
19.82
17.76
4.97
0.8
0.00
0.00

The inhibitory compounds present in the aqueous fraction of bio-oil are able to
completely inhibit the yeast growth in concentrations greater than 10% hydrolysate.
Even at levels as low as 5% of hydrolysate, only about 25% of the glucose is consumed
by the yeast. This analysis demonstrates the necessity for detoxification of the bio-oil
hydrolysate in order to efficiently allow for of fermentation all of the glucose into
ethanol.
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Detoxification of Bio-oil Hydrolysate by Using Activated Carbon, Air Stripping,
Overliming, and Solvent Extraction
Activated carbon, filtration, air stripping, overliming, and solvent extraction
methods are frequently employed to remove the inhibitors from bio-oil hydrolysate. As
mentioned earlier, the success of these methods is based on the amount of the compound
quantified by a GC/MS and the retention of fermentable glucose measured by HPLC.
The targets of these results are the phenolics, furan derivatives, and volatile organic acids.
Activated carbon shows promising results in removing inhibitory compounds.
The prior test resulted in successful fermentation of aqueous fraction treated with
activated carbon. However when removing the phenolics and furan derivatives, glucose
was also removed. When 1% (w/v) of activated carbon was mixed with the aqueous
fraction, the glucose was maintained while inhibitory compounds were significantly
removed. Glucose concentration remained at 35 g/L, while the acetic acid concentration
decreased from a GC/MS percent area of 10.67 to 0.88 and the furfural concentration
decreased from a GC/MS percent area of 2.45 to 0.55. This is a 92% reduction in acetic
acid and a 78% reduction in furfural on the GC/MS area percentage basis.
Air stripping methods did not result in sufficient volatile acid removal. At
temperatures of both 25°C and 60°C, the glucose concentration increased as a result of
evaporation of water from the hydrolysate. Glucose rose from 35 g/L to 39 g/L at 25 °C
and from 35 g/L to 60 g/L at 60 °C. This method was only analyzed for glucose
concentration. After the glucose concentration increased, it was assumed that the
concentration of other heavy molecules in the solution increased as well. Therefore even
if the acetic acid present in the aqueous fraction was removed, the phenol and furan
concentration increased as well. As these are both significant inhibitory factors, air
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stripping cannot sufficiently remove enough compounds to allow for successful
fermentation.
Overliming methods were utilized to attempt to remove inhibitory compounds.
After the pH was elevated and allowed to settle over night, the phenols present in the
aqueous fraction were removed. However, the glucose concentration reduced by half.
This method can also introduce other compounds that can inhibit the fermentation of the
bio-oil hydrolysate. Thus, this method is inconclusive until the resulting treated
hydrolysate can be tested for fermentation.
Solvent extraction methods included equal portions of linoleic acid and
hydrolysate and equal portions of hexane and hydrolysate. The linoleic acid extraction
resulted in maintenance of 35 g/L of glucose while acetic acid was reduced by 73% and
furfural was reduced by 61% on the basis of GC/MS area. Hexane extraction of the biooil hydrolysate also maintained the glucose concentration of 35 g/L, an acetic acid
reduction of 78%, and a furfural reduction of 38% by GC/MS area. These methods both
successfully significantly removed microbial inhibitors. However, they could have also
added new compounds that could potentially impair cell growth. The HPLC and GC/MS
results are displayed in Tables 6 and 7 and also in Appendices B and C, respectively.
Table 6

Glucose concentration after treatment

Treatment
None
Hexane
Linoleic Acid
Air Strip at 25°C
Air Strip at 60°C
Activated carbon

Glucose (g/L)
37.87
35.39
36.17
38.71
70.82
36.4
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Table 7

Acetic acid and furfural GC/MS area percentage after treatment

Treatment
None
Hexane
Linoleic Acid
Activated carbon

Acetic acid (area %) Furfual (area %)
10.67
2.45
2.33
1.51
2.88
0.95
0.88
0.55

Microbial Digestion and Adaptive Evolution
C. basilensis was aseptically placed into a broth containing 50% (v/v) of the
aqueous hydrolysate and allowed to grow for three days. The GC/MS results show that
little, if any phenolic or furan compounds were consumed by the bacteria. Also, no furan
dicarboxylic acid was detected. This could be largely due to the high concentration of
acetic acid that was present even after the media was neutralized by NaOH. Even though
about 2 g/L of cell mass was produced in the medium after three days, no phenolics,
furans, or glucose was consumed. Other medium additives such as peptone and yeast
extract were likely the food source that produced cell mass. This method of inhibitor
removal was not effective in this study. However, it could be more efficient if combined
with other removal methods.
Adaptive evolution techniques were conducted by inoculating plates ranging from
10% (v/v) to 20% (v/v) hydrolysate and exposing them to UV light to produce mutations
that could help the yeast become resistant to the aqueous fraction. After ten inoculations
to attempt to attain inhibitor resistance, the 10% (v/v) hydrolysate plates were the most in
which the yeast could grow. The 20% (v/v) hydrolysate plates showed no colony growth,
and even on the 10% (v/v) hydrolysate plates, the colonies were significantly smaller than
the pure YPD agar colonies. This method needs significantly more transfers to show any
results of improved cell growth at higher hydrolysate concentrations. This is shown
below in Figure 15.
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Figure 15

Image of yeast colony growth after 10 transfers; from left to right: pure
glucose YPD agar, 10% (v/v) hydrolysate, 20% (v/v) hydrolysate.
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CHAPTER IV
COST ANALYSIS FOR PRODUCTION OF ETHANOL FROM BIO-OIL
Cost for Bio-oil Production
The basis for the cost of producing ethanol from bio-oil largely depends upon the
cost of manufacturing the bio-oil. Data was obtained from the Department of Forest
Products at Mississippi State University on which ethanol production plant costs were
based. This bio-oil plant design has the capacity to process 200 dry tons per day, and at a
65% yield, this would result in 28,000 gallons produced per day. Below are the estimates
for the total project investment and the total cost per gallon of bio-oil produced including
utilities.
Table 8

Total project investment for a 200 dry ton per day pyrolysis facility

Land
Development
Equipment
Field Expenses
Building cost
Chip storage
Contingency
Total capital investment
Start up cost

$50,000
$315,000
$14,000,000
$2,863,000
$3,500,000
$95,000
$429,450
$21,
252,450
$2,125,245

Total Project Investment $23,377,695
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Table 9

Variable costs for of bio-oil production based on 28,000 gallons per day
production

Feedstock
Labor
Labor overhead
Maintainence
Waste treatment
Utilities
Transportatinn
Miscellaneous
Int/wc

Ins/tax
Interest
Depreciation
Total
Cost per gallon

$2,134,518
$1,029,720
$617,832
$280,000
$400,000
$321,165
$369,600
$100,000
$210,113

$318,787
$1,870,216
$2,112,903
$9,765,854
$1.06

Tables 8 and 9 list the costs that were incorporated into the bio-oil production
aspect. The cost per gallon of bio-oil made from this bio-oil plant design is $1.06, and
this value is incorporated into the cost of ethanol obtained in the models in the following
section.
Since only 71% of the 28,000 gallons of bio-oil produced per day can be used for
fermentation after water fractionation, ethanol production must be very efficient for
production at a competitive price. These above values along with other costs were input
into the CapCost program in order to estimate the cost to produce ethanol in a bio-oil
fermentation plant.
The remaining 29% of the bio-oil that consists of the pyroligneous phase is not
wasted. It has a heating value of 46 MJ/kg, and could be sold for its energy value at
$2.90 per gallon. With approximately 8000 gallons produced per day, this product
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lowers the cost to produce ethanol. This is taken into account for the cost of ethanol
production shown in Figures 16 and 17 below.
Cost Analysis for Ethanol Production Using Bio-oil Hydrolysate
CapCost is a program that estimates the fixed capital cost of building the new
chemical plant that is used in this analysis. Two different models were created in this
study using a recent Chemical Engineering’s Plant Cost Index value of 575 to obtain the
most current cost analysis results. While the equipment costs remain the same, the
fermentation medium recipe differs for each model. Several assumptions were made in
these models. They were based on the production and cost of the bio-oil in the previous
section. It’s assumed that 16,590 pounds of glucose are present in the 19,880 gallons of
aqueous fraction produced each day. The fermentation medium consists of 10% (v/v) of
the aqueous fraction to contribute 1% (w/v) of the glucose concentration while 16,590
pounds of pure glucose are added to reach the 2% (w/v) glucose concentration that is
ideal for fermentation. It is also assumed that the ethanol production from glucose is
75% of the theoretical yield to show similar results to the fermentation tests in this study.
The equipment consisted of five fermentation tanks, two storage tanks, and three
distillation towers with several sieves that yield a cost of $9,500,000.
The first model is based upon an enriched fermentation medium utilized in the
fermentation tests of this study. It consists of 1% (w/v) pure glucose, 1% (w/v) aqueous
fraction glucose, 2% (w/v) peptone, and 1% (w/v) of urea instead of yeast extract. The
price and flow rate of each of the compounds is displayed in the table below.
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Table 10

Fermentation medium components

Material
Glucose
Bio-oil hydrolysate
Urea
Peptone

Price ($/lb)
0.28
0.15
0.60
2.50

Flowrate (lb/h)
691
7000
1523
3125

Annual Cost ($)
1,610,140
8,738,099
7,606,615
65,015,623

Ethanol can be produced at a rate of 530 pounds per hour or 80.3 gallons per hour.
At this production rate and material cost, ethanol must be sold for at approximately $150
per gallon to break even after ten years. This method is clearly not economically feasible
for ethanol production. The CapCost cash flow diagram is shown in Figure 16.

Figure 16

CapCost cash flow diagram based on enrichment medium and ethanol price
at $150 per gallon

The second model utilizes a much more economical fermentation medium that
has proven to provide similar ethanol yields to an enrichment medium. While glucose
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and bio-oil input remain the same as the enrichment medium, corn steep liquor at a
concentration of 0.3% (v/v) and epsomite (MgSO4·7H2O) at a concentration of 0.6%
(w/v) are added for nutrient sources. This table is shown below.
Table 11

Fermentation medium components

Material
Glucose
Bio-oil hydrolysate
Corn steep liquor
Epsomite

Price ($/lb)
0.28
0.15
0.10
0.31

Flowrate (lb/h)
691
7000
173
41

Annual Cost ($)
1,610,140
8,738,099
143,971
105,775

Ethanol can be produced at the same rate of 530 pounds per hour or 80.3 gallons
per hour as the prior test. However, it must be noted that this test costs far less than the
former. Ethanol can be produced for approximately $14 per gallon to make a profit after
ten years. The Capcost cash flow diagram is shown below.
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Figure 17

CapCost cash flow diagram for inexpensive fermentation medium and
ethanol price at $14 per gallon

Although $14 per gallon of ethanol is still not economically feasible, it is a drastic
improvement over the enrichment medium. Both models of ethanol production dispute
the claims of So and Brown (1999) to produce ethanol for $0.13. The inhibitory
compounds in the bio-oil prevent the high yields of ethanol that was portrayed in their
data. Higher percentage ethanol yields could improve this cost effectiveness of ethanol
production from bio-oil, however, much work remains for this process to be economical.

53

CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
This study investigated the effects of inhibitory compounds on microbial
digestion as well as methods to remove these compounds from bio-oil hydrolysate. Data
shows that at levels of greater than 10% (v/v) of the aqueous fraction present in the
medium, the microbial growth is completely inhibited. However, when the aqueous
fraction was autoclaved together with an enrichment medium rather than separately, as
much as 30% (v/v) of aqueous fraction can be successfully fermented into ethanol
without being inhibited. There were 0.4 grams of ethanol per gram of glucose were
produced for a 79% yield. This yield percentage is higher than the control; however,
there were three grams of glucose remaining. There is a significant difference between
enrichment media that has been autoclaved with the hydrolysate and media in which the
hydrolysate and nutrients are autoclaved separately.
For inhibitor removal analysis, the best results came from treatment with activated
carbon. The glucose concentration remained constant, while nearly all of the acetic acid
and furfural was removed. Solvent extraction methods were moderately successful, and
air stripping was not an effective method for inhibitor removal.
Ethanol can be produced on a large scale using the media from these tests for
about $150 per gallon. However, an economically friendly fermentation medium can be

54

produced for about $14 per gallon. While this is an improvement, ethanol production
from bio-oil hydrolysate is not feasible using these methods.
Recommendations
Although ethanol was successfully produced at a 79% yield by S. pastorianus,
half of the glucose consumed resulted from pure glucose. More research needs to be
conducted to find a method to consume all of the glucose from the bio-oil hydrolysate
without having to add pure glucose. Other microbial organisms can also be tested for
resistance to the inhibitory compounds in the bio-oil.
Inhibitor removal methods need to be a primary focus for this research. An
economical and effective method could make ethanol production from bio-oil a viable
process. The treated hydrolysate should be tested for microbial digestion in conjunction
with as GC/MS and HPLC methods to obtain full inhibitor analysis and ethanol
production analysis.
One method of particular interest is utilization of C. basilensis for phenol and
furan consumption. As mentioned earlier, this bacteria can convert HMF into 2,5furandicarboxylic acid which can be used as a polyester. The cost of this compound
makes it very desirable to be produced if it can be done economically. While it was not
successful in this study, more research is needed.
More organic solvents should be tested for inhibitor removal methods. Alcohols
can be mixed with other solvents to find an optimal solution to separate the glucose from
the inhibitors. Adaptive evolution methods need many more mutation cycles to give the
microbes a better chance to adapt to become more resistant to the compounds in bio-oil
hydrolysate. Economic analysis of inhibitor removal methods must also be quantified.
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A true fermentation medium needs to be implemented to reduce the cost of
ethanol production from bio-oil. Rather than a YPD medium, a medium containing corn
steep liquor and epsomite could be used instead.
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APPENDIX A
GLUCOSE CONSUMPTION AND ETHANOL PRODUCTION ANALYSIS BY HPLC
AND GC/FID
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Figure 18

Ethanol calibration curve
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Figure 19

Glucose concentration at time 0 and 48 of 29 g/L hydrolysate
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Figure 20

Glucose concentration of the control at time 0 and 48
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Figure 21

Glucose concentration of 50% of glucose derived from bio-oil hydrolysate
and autoclaved separately from enrichment medium at time 0 and 48
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Figure 22

Glucose concentration of 50% of glucose derived from bio-oil hydrolysate
and autoclaved together with enrichment medium at time 0 and 48.
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Figure 23

Ethanol production of control using GC/MS

Figure 24

Ethanol production from 50% of glucose concentration derived from biooil hydrolysate using GC/MS
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APPENDIX B
GLUCOSE ANALYSIS BY HPLC AFTER INHIBITOR REMOVAL METHODS
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Figure 25

Glucose concentration after activated carbon treatment

Figure 26

Glucose concentration after air stripping at 25 °C
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Figure 27

Glucose concentration after air stripping at 60 °C

Figure 28

Glucose concentration after hexane extraction
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Figure 29

Glucose concentration after linoleic acid extraction

Figure 30

Glucose concentration after C. basilensis treatment
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APPENDIX C
INHIBITOR REMOVAL ANALYSIS BY GC/MS
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Figure 31

GC/MS of raw bio-oil hydrolysate

Figure 32

GC/MS after activated carbon treatment
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Figure 33

GC/MS after hexane extraction

Figure 34

GC/MS after linoleic extraction
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Figure 35

GC/MS before 72 hours of C. basilensis growth

Figure 36

GC/MS after 72 hours of C. basilensis growth

Note: In these GC/MS analyses the acetic acid retention time is 3.07 minutes and furfural
retention time is 10.88 minutes.
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